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Abstract
Powder interlayer bonding (PIB) is a joining technique originally developed to enable high-integrity repairs of aerospace
components. The technique has previously been employed for the joining of titanium and nickel alloys utilised in the aerospace
industry. This study expands on the application of the novel joining technique known as powder interlayer bonding (PIB), to the
bonding of γ titanium aluminide (TiAl) material. PIB has been used to facilitate high-integrity joints in gamma titanium
aluminides (TiAl), where full densification of the joint was achieved. The PIB technique described here used a metallic powder
interlayer between the two faying surfaces of γ TiAl specimens. Bonds were formed in an inert atmosphere under induction
heating. The PIB technique proved capable of producing high-integrity bonds in terms of microstructural evaluation, with very
limited porosity retained after the bonding cycle. A brittle Ti2Al phase can be produced with heavily oxidised powder which is
susceptible to cracking and will negatively affect mechanical properties.
Keywords Powder interlayer bonding (PIB) . Gamma titanium aluminides
1 Introduction
Gamma titanium aluminides have been under consideration
for over 30 years for use in the aerospace and automotive
sectors [1–4], with research concentrated mainly on titanium
aluminide (TiAl) alloys that contain minor fractions of the α2
(Ti3Al) phase. Applications considered include turbine com-
ponents such as compressor stator vanes, LP turbine blades [5]
and automotive valves [3]. Indeed, such alloys are already in
use as blades within GEnxTM engines and the new β-
stabilised TiAl alloy (TNM) is being used to manufacture
LPT blades for PW1100G™ engines [1, 4].
Being intermetallic in nature, with inherent brittleness, in-
tricate composition and microstructure, γ-TiAl alloy metallur-
gy can be very challenging. Figure 1 illustrates the phase
diagram proposed by Schuster and Palm after their reassess-
ment of the binary aluminium-titanium phase diagram [6].
Major advances have been made in the development of the
TiAl alloy system, with Al contents between 44 and 48 at.%.
According to Schuster and Palm [6], these engineering alloys
solidify via the β phase or a peritectic reaction. An eutectoid
transformation α→ α2 + γ occurs on cooling in all engineer-
ing γ (TiAl) alloys. To preserve thermodynamic equilibrium
in alloys whose compositions stray from the eutectoid com-
position, the volume fraction of the γ (TiAl) phase increases
rapidly as the eutectoid transformation temperature is crossed.
As with many engineering alloys, composition and pro-
cessing route play a vital role in determining the resultant
microstructure and associated mechanical properties [4], with
a wide variety of microstructures ranging from duplex to fully
lamellar structures being possible [7]. Fine microstructures
generated either by high-temperature processing or by rapid
cooling contain a high proportion of α2. These structures are
considered to provide the best balance of properties, since
room temperature properties are generally enhanced but with
no significant reduction in creep properties. The cooling rates
employed to develop fine microstructures are often too ag-
gressive to result in thermodynamic equilibrium, and therefore
the microstructures obtained may not be stable. During expo-
sure to typical operating temperatures, these fine structures
can demonstrate a relatively rapid loss of properties [4].
Further alloying additions have been shown to produce a
range ofmicrostructures with beneficial mechanical properties
[4]. The effect of aluminium on the mechanical properties has
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been complicated bymore recent developments in processing,
where hot extrusion methods deliver ductility levels unattain-
able via a traditional casting route. The effect of aluminium on
strength is more defined where lower aluminium contents
have been shown to improve the strength of binary alloys
[8], which is believed to be a result of an increased α2 content.
In contrast, higher aluminium contents are preferred where a
resistance to oxidation is required. Niobium and other refrac-
tory elements provide improvements in strength, creep resis-
tance and oxidation resistance, while additions of up to 2%
manganese have been shown to improve ductility [9]. Boron
is utilised as grain a refiner at contents of up to 1% through the
XD process where refined lamellar colonies in cast micro-
structures can be developed [10]. Ti-45-2-2-XD has been used
to make several different aeroengine components by Rolls-
Royce Plc; compressor stator vanes and blades, low pressure
turbine blades and large complex cast components.
For TiAl alloys to be widely incorporated in future
aeroengine builds, they will be required to be joined to
themselves and other alloys and offer the option of being
repaired. Several joining techniques widely used in the
aeroindustry such as tungsten inert gas (TIG) welding
[11], electron beam welding (EBW) [12–15] and laser
beam welding (LBW) [16] have been used to join TiAl
alloys with varying success. Due to a combination of their
inherent low ductility and the high thermal stresses pro-
duced during joining, solid-state cracking can be a major
concern when joining TiAl alloys using fusion joining
techniques, though this effect can be alleviated by careful
manipulation of welding parameters, where preheating to
700–800 °C is recommended to avoid solidification crack-
ing. During their work on the Ti–45Al–2Nb–2Mn + 0.8
vol.% TiB2 alloy, Chaturvedi et al. [12] recommend that
the α-γ phase transformation not be suppressed during
EBW, suggesting that the critical cooling rate at the fu-
sion zone boundary is 250 K s−1. Solid-state joining tech-
niques such as diffusion bonding (DB), have been utilised
where TiAl alloys have been bonded to themselves [17,
18]; other alloys [19], and utilising interlayers [20, 21]
without the concern of solid-state cracking. However,
the formation of the brittle α2 phase along the bond line
during DB can degrade mechanical properties due to the
development of favourable crack paths [18]. Diffusion
brazing [22], diffusion welding [23] and induction brazing
[24, 25] have all been used to join TiAl alloys without
solid-state cracking. Friction welding of TiAl alloys to
steel using copper interlayers [26] has been performed
but again solid-state cracking proved to be of concern.
While many techniques have been used to join TiAl al-
loys on a laboratory scale, actual aeroengine components
are notoriously difficult to join and repair via convention-
al fabrication routes. The availability of high-integrity
joining techniques for these components will offer oppor-
tunities for future design configurations and reduce com-
ponent life cycle costs via repair. Powder interlayer bond-
ing (PIB) has already proved it can be used to provide
high-integrity bonds between aerospace alloys [27]. PIB
is a novel joining technique capable of producing high-
integrity bonds that may provide opportunities to save
otherwise redundant aeroengine components [28]. The
PIB technique uses a metallic powder interlayer between
the two bonding surfaces being joined; this reduces sur-
face asperities and the dependency of the joining process
on smooth surface finishes. An inert gas is used to shield
the fusion zone from oxidation during joining process,
with heat supplied by induction heating. PIB offers
Fig. 1 Binary TiAl phase diagram [6] with composition of Ti–45Al–
2Nb–2Mn + 0.8 vol.% TiB2 alloy identified by dotted red line
Fig. 2 Ti–45Al–2Nb–2Mn + 0.8
vol.% TiB2 XD as received
powders used in this study, a sub
25 μm and b 25–45 μm
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advantages over many of the previously mentioned join-
ing techniques such as low cost, localised heating, narrow
fusion zone, reduced residual stress in the bond region
and future portability, which will be a major advantage
for repairing gas turbine components.
2 Experimental
Material was supplied in the form of a cast ingot, with a spec-
ified composition of Ti–45Al–2Nb–2Mn + 0.8 vol.% TiB2
prepared by the XD process and hot-isostatic-pressed at
1250 °C (± 10 °C) for 4 hours (+ 15min/− 0 min) at a pressure
of 140 MPa (± 5 MPa) under an argon atmosphere. After
HIPping, the castings were vacuum heat–treated at 1010 °C
(± 10 °C) for 8 h (+ 15 min/− 0 min), followed by furnace
cooling to below 500 °C. An argon gas quench was then used
to cool to below 150 °C.
The spherical Ti–45Al–2Nb–2Mn + 0.8 vol.% TiB2
powders used in this study which were supplied by TLS
Tecknik GmbH & Co are illustrated in Fig. 2a, b, with
powder particles either having diameters between 25 and
45 μm or sub 25 μm. Powder interlayers were created by
combining Ti–45Al–2Nb–2Mn + 0.8 vol.% TiB2 powder
with cellulose powder, glycerol and deionised water to
create a paste. The paste was then applied to the surface
of one of the specimens. Prior to applying paste and
attaching thermocouples, bonding specimens were ultra-
sonically cleaned in industrial acetone for 30 min.
Bonding was performed in an argon environment where
parts were shielded from the local environment. Bonding
was performed as per the conditions listed in Table 1. The
bond regions of both alloys were initially heated by a water-
cooled induction coil to 1000 °C, at a heating rate of approx-
imately 6 °C s. In order not to exceed the bonding tempera-
ture, a second heating rate of 0.5 °C s was then employed to
achieve the final temperatures in either the α + γ or α2 + γ
regions. Specimens were held at temperatures (± 5 °C) for 60
min. When joining was completed, the bonded specimens
were air-cooled to room temperature. Temperature was mea-
sured by type N thermocouples welded in place within 1 mm
of the faying surface and connected to a calibrated Fluke 54 II
thermometer.
To facilitate metallographic analysis, the specimens
were mounted in conductive Bakelite. Specimens were
then prepared via a standard grinding and polishing pro-
cedure concluding with a final polish using a non-
crystallising colloidal silica solution (0.04 μm). The sam-
ples were etched with Krolls Reagent for approximately 5
s. The microstructural characterisation was performed
using a Hitachi SU3500 scanning electron microscope
(SEM) equipped with energy-dispersive spectroscopy
(EDS) facilities. Hardness measurements were performed
on a Struers Duramin 40 hardness tester. All testing was
performed with a force of 1 kg and dwell time of 10 s, in
accordance with ASTM standards. Measurements were
taken at the bond line and at locations 25 μm, 50 μm, 1
mm, 2 mm, and 3 mm away.
3 Results
The processing route results in a fully lamellar structure of thin
α2 laths in a matrix of thicker ɣ laths. These are arranged in
‘packets’, which are regular in shape, as illustrated in Fig. 3.
The addition of titanium diboride in this alloy causes small
precipitates to form due to an exothermic-dispersion compos-
ite fabrication process [29]. The average packet size was
found to be ~ 240 μm, with minimum and maximum values
of 150 μm of 300 μm respectively. The α2 laths are identifi-
able as light-coloured needle-like structures (average thick-
ness of ~ 1.4 μm). In some packets, they appear to be of a
similar width to the darker ɣ phase (average thickness of ~ 4.6
μm), but generally they were found to be much thinner.
Table 1 Bonding parameters
used during this study Bond Temp (°C) Time (min) Pressure (MPa) Powder diameter (μm)
1 1080 60 32 25–45
2 1120 60 32 25–45
3 1120 60 32 < 25
Fig. 3 Microstructure of Ti–45Al–2Nb–2Mn + 0.8 vol.% TiB2XD as
received material, including analysed composition
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The microstructure of the bond region from bond 1 is
illustrated Fig. 4a. The bond line was found to be ~
20 μm thick through the centre region of the bond.
Complete densification of the bond was achieved in some
regions. Many needle-like TiB2 precipitates can be seen
throughout the bond region as illustrated in Fig. 4b, the
somewhat porous-looking structure is due to precipitate
pull-out during the grinding and polishing procedure.
However, there were instances of retained porosity found
surrounding powders that had not fully collapsed during the
bonding cycle, with a maximum pore size of ~ 7 μm as
illustrated in Fig. 5a. The bond region of bond 2 was found
to be very similar in appearance to bond 1; however, full
collapse of the powder interlayer had occurred. There were
very limited instances of retained porosity seen throughout
bond region with a maximum pore size of ~ 2 μm, as illus-
trated in Fig. 5b. The bond region of bond 3 formed with
sub 25 μm powder again shows similarities with those of
bonds 1 and 2, with almost complete densification, very
limited retained porosity, with maximum pore sizes being
sub-micron, as shown in Fig. 6a. However, numerous in-
stances of a brittle Ti2Al phase, up to 60 μm in length, were
found throughout the bond region. A number of these were
found to have cracked on cooling from the bonding temper-
ature as illustrated in Fig. 6b.
Hardness results for the 3 bonds are illustrated in Fig. 7. Peak
hardness values are similar for all 3 bonds, ranging from HV433
for bond 1 to HV452 for bond 3. Peak values appear at the bond
line, before declining quickly and returning to baseline levels.
4 Discussion
It has already been shown that PIB can be used to provide
high-integrity bonds between aerospace alloys [27, 30–32];
so, it is no surprise to see high-integrity bonds being produced
in the TiAl alloy. The joint is formed through a solid-state
sintering process, where the combination of thermal energy
and applied load act to consolidate and densify the powder.
Bonding is facilitated by a reduction in the total interfacial
energy resulting from the densification and changes to the
interfacial area. As described in previous work [27], the bond-
ing process can be viewed as three associated phases: the
initial, intermediate and final phases. Localised bonding oc-
curs between adjacent powders through the formation of
necks during the initial phase, resulting in a small amount of
plastic deformation as illustrated in the Ti-6Al-4 V alloy [32].
Continued growth of the necks requires material to be
transported to this region via diffusion mechanisms such as
volume and surface diffusion, where vacancies move from the
neck region through the powder or along the surface of the
powder respectively[33]. As bonding through the intermediate
phase progresses, continued plastic deformation densifies the
powder interlayer before slowing as the total surface area of
the powders reduces until finally ceasing as previously illus-
trated [32]. Final densification and pore elimination occurs
during the final phase where recrystallisation is facilitated by
the stored energy introduced during the earlier deformation.
In order to limit deformation during the bonding cycle, the
temperature of 1080 °C for bond 1 was chosen to produce the
Fig. 4 a Comparison of the
microstructure of bond 1 through
the basematerial and bond region,
b TiB2 needles seen throughout
bond line
Fig. 5 Retained porosity found in
a bond 1, b bond 2
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bond in the α2 + γ region. However, the combination of tem-
perature, pressure and time failed to fully collapse the powder
particles throughout the bond line. The combination of these
processing parameters has been shown to be critical to achiev-
ing powder consolidation [27] as plastic deformation during
the intermediate phase of the bonding cycle can be a major
factor in the densification of the powders. If only partial pow-
der collapse is achieved, then excessive pore size results
which cannot be eliminated during the final phase. As seen
in Fig. 5a, this resulted in several locations were retained po-
rosity was discovered around the original circumference of
individual powders. Although maximum pore sizes were rel-
atively small, it was believed that these could be reduced fur-
ther if full collapse of powder particles could be achieved. As
a result of the exponential relationship between temperature
and atomic diffusion, increases in temperature strengthen the
impetus for densification and greatly affect process kinetics.
Hence, bond 2 was produced at the higher temperature of
1120 °C, putting it in the α + γ region of the phase diagram.
Previous PIB work [32] has highlighted that increasing the
bonding temperature can refine porosity through the powder
interlayer. As illustrated in Fig. 5b, the increase in temperature
while holding time and pressure constant, facilitated full pow-
der collapse throughout the powder interlayer. The ensuing
diffusion of material was then able to reduce the maximum
pore size significantly from ~ 7 to ~ 2 μm. Previous unpub-
lished work on PIB has illustrated another way to reduce
retained porosity density and size is to refine the powder
particle diameter. This allows for tighter initial packing of
the powder particles and smaller initial pore size following
powder collapse. The subsequent diffusion of material is then
able to close off the remaining pores to a greater degree
resulting in a sub-micron maximum pore size as illustrated
in Fig. 6a. However, as illustrated in Fig. 6b, there were fre-
quent instances of a brittle Ti2Al phase throughout the bond
region. Although the sub 25 μm and 25–45 μm powder had
been produced at the same time and from the same feed stock,
the sub 25μm had been previously used and hence exposed to
the atmosphere. This resulted in the powder oxidising over the
followingmonths, promoting the formation of the Ti2Al phase
throughout the bond region. There have been no instances of
this brittle phase when relatively fresh powder has been used.
Figure 7 shows a clear trend in hardness for all 3 bonds,
increasing on average ~ 60% in the bond line when compared
with the baseline values for the bulk material. This trend has
been found in previous work on PIB and can be explained by
the finer grain structure throughout the bond region.
5 Conclusions
& Powder interlayer bonding has proved to be a suitable pro-
cess for producing high-integrity bonds in the TiAl alloy.
& Bonding at 1120 °C, in the α + γ region of the phase dia-
gram, produced a fully consolidated bond in the TiAl alloy.
& Bonding at 1120 °C reduced the maximum pore size when
compared `with the bonding at 1080 °C when time and
pressure are kept constant.
& Refining the powder particle size is an effective method of
reducing maximum pore size with the PIB process.
& Powder quality and condition is extremely important for pro-
ducing high-integrity bond via the PIB process, where exces-
sively oxidised powder can have a negative effect on bond
quality.
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Fig. 6 a Retained porosity found
in bond 3, b cracking discovered
in Ti2Al phase found in bond 3
Fig. 7 Hardness results for bonds 1–3
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